Hydrothermal liquefaction of different microalgae samples (Arthrospira platensis cultivated by our research group) -fresh (directly after harvesting), dried and frozen -have been performed. In hydrothermal liquefaction process, the samples were heated up to 300 C for 30 min and kept at a constant temperature for 60 min. Then dichloromethane was added to the samples to extract the oil fraction. The products obtained after aqueous and dichloromethane solutions evaporation are referred to as water soluble organics and bio-oil correspondingly. The experiments on hydrothermal liquefaction of microalgae pre-treated in different ways were conducted for three independent harvest samples. The average values of bio-oil yield in the experiments with fresh, dried and frozen microalgae were equal to 44.07%, 39.97% and 39.65%, respectively. The average yields of water soluble organics were equal to 19.34%, 29.00% and 21.43% respectively. In all the experiments, the highest yield of bio-oil was reached for fresh microalgae. From this point of view, direct hydrothermal liquefaction processing of fresh microalgae seems to be more preferable that further enhances the advantage of hydrothermal liquefaction in comparison with other biomass-to-biofuel conversion methods.
Introduction
The growth of world energy consumption and the resulting increase in greenhouse gases emissions into the atmosphere stimulate the use of renewable energy sources, including bioenergy. One of the most promising sources of renewable biofuel is microalgae. Fuel derived from microalgae is referred to a separate group of so-called "third-generation biofuels" because this type of biomass is not a food raw material and it is grown for energy purposes in the areas unsuitable for crop production. Microalgae are microscopic organisms efficiently converting the energy of sunlight into biomass. The growth of microalgae is associated with the capturing of carbon dioxide. The productivity of microalgae biomass and oil (lipids) is 10 times higher than that of terrestrial biomass (Chernova et al., 2014) .
In recent decades, the studies devoted to biofuel production from microalgae were focused mainly on cultivation methods. In this context, the main tasks were first of all the increasing of productivity and lipid content in biomass by strains selection (Hu et al., 2016; Neofotis et al., 2016; Taleb et al., 2016) , cultivation conditions optimization (Yee, 2015; Zheng et al., 2012) and new strains creation by genetic engineering (Klanchui et al., 2012) . However, little attention was paid to the problem of biomass to biofuels conversion. A rational solution to this problem would improve the energy efficiency of the process of biofuel production from microalgae. The traditional conversion method usually includes drying, solvent extraction of lipids and transesterification with the production of fatty acid methyl esters composing biodiesel fuel (Salam et al., 2016) . The obvious disadvantages of the biodiesel production method are high energy costs and the use of dangerous organic solvents (such as methanol). Moreover, in the case of biodiesel production, only the lipid fraction is processed, while the rest of biomass including proteins and carbohydrates is not involved in the biofuel production. At the same time, it is known that lipid-rich strains have relatively low biomass productivity (Lopez Barreiro et al., 2013; Rodolfi et al., 2009) .
The problem of biofuel production arises primarily from high content of moisture in microalgae biomass after cultivation stage (80-90% by weight). Hydrothermal technologies seem to be more favorable for the processing of wet biomass into biofuels. Hydrothermal liquefaction (HTL) with the production of crude bio-oil (BO) as the end product is of most interest (Tian et al., 2017; Vlaskin et al., 2017) . During HTL, the biomass is thermally treated under humid conditions at temperatures up to 370 C and pressures up to 25 MPa. During this treatment, the biomass components undergo hydrolysis and pyrolysis reactions thus forming a number of liquid hydrocarbons (both soluble and insoluble in water) as well as gaseous and solid reaction products. HTL products are BO, aqueous solution with water soluble organics (WSO), solid residue and gas. The target product of HTL is BO, liquid hydrocarbons separated from the solid phase (residue) and extracted from an aqueous solution.
One of the advantages of HTL is that the BO produced is composed not only of lipids but also of carbohydrates and proteins that increases the overall yield of the product (Elliott, 2016) . The additional advantages of HTL are relatively low temperatures of the process and the possibility of using a single-stage continuous process. It is important that feedstock predrying is unnecessary in this case. Biomass can be fed into a HTL reactor in humid state directly after harvesting. However, most of studies devoted to HTL of microalgae were carried out using dried samples of microalgae. Therefore, a comparison of the efficiencies of fresh and dried microalgae with regard to HTL is interesting. During the drying of microalgae, the change of its chemical composition may take place and the aqueous solution coming with fresh microalgae also can exert influence on the reactions occurred during HTL. These effects can change the overall yield and the BO composition.
The main objective of the present paper is to study the yield and composition of BO produced by HTL using different microalgae samples: fresh (directly after harvesting), dried, frozen and dried and mixed with olive oil (25 wt. %). The sample with the addition of olive oil was used to evaluate the influence of increased content of lipids in microalgae biomass on the yield of BO and WSO. Olive oil addition is expected to increase the BO yield.
Materials and methods

Biomass source
HTL experiments were carried out with cyanobacterium Arthrospira platensis . Arthrospira platensis is a well-known culture that is used in the production of many commercial products including healthy food supplements, food for animals, cosmetics and pharmaceutical products. It is grown usually in an open manner on a large scale. A. platensis is classified as a cyanobacteria by the International Code of Bacterial Nomenclature (ICNB), although according to the International Code of Nomenclature for Algae, Fungi and Plants (Melbourne Codex 2012), it is classified as a blue-green microalgae. When it is used as biomass for biofuel production, it is often considered as a microalgae (Gouveia and Oliveira, 2009; Kostyukevich et al., 2017; Raikova et al., 2016) .
We used Arthrospira platensis rsemsu 1/02-P strain with straight trichomes formed due to natural morphological variability during prolonged cultivation for 20 years under laboratory conditions. Biomass was obtained by semi-continuous cultivation in an open pond with a volume of 500 l and illumination of 55 AE 5 lE/(m 2 s) at steady light conditions and a temperature equal to T ¼ 21 C. The pond is equipped by the means for near-surface mixing. A. platensis was cultivated using Zarrouk's medium: NaHCO 3 -16.8 g/l, KNO 3 -3.0 g/l, K 2 4 Á3 2 O -0.66 g/l, K 2 SO 4 -1.0 g/l, MgSO 4 Á7H 2 O -0.2 g/l, NaCl -1.0 g/l, CaCl 2 -0.04 g/l, FeSO 4 Á7H 2 O -0.018 g/l, EDTA -0.08 g/l, Zarrouk's trace metal solution -1.0 ml/l, (per 1 l of distilled water) (Zarrouk, 1966) . Molecular genetics identification and phylogenetic analysis with a high bootstrap support level based on the nucleotide sequence of the 16S rRNA and ITS genes showed that this culture has a 100% similarity with A. platensis strains from the NCBI strain bank, i.e. it belongs to the A. platensis species.
The chemical composition (C, H, N and S content) of A. platensis was determined using a Thermo Scientific Flash 2000 HT analyzer. The content of ash in A. platensis was determined by pyrolysis at 800 C and mass measurements using an analytical balance Sartorius Cubis MSA324S. The results of this analysis (wt. % daf basis) and ash content determination for A. platensis are presented in Table 1 . Biochemical composition of A. platensis is presented in Table 2 . 
Biomass pretreatment
Harvested biomass of A. platensis was used to prepare four samples pre-treated in different ways: fresh (directly after harvesting), dried, frozen and dried and mixed with olive oil (25 wt. %). The sample with the addition of olive oil was used to evaluate the influence of increased content of lipids in microalgae biomass on the yield of BO and WSO. Olive oil was added to the dried microalgae. The contents of C, H and N in the olive oil were 83.64%, 5.88% and 0.18%, respectively. Harvested biomass was passed through a 20 lm mesh sieve. The drying was carried out in the Binder drying oven at 105 C. The moisture of fresh microalgae was determined after the drying. The freezing was carried out in the refrigerator in a closed and sealed tank at À18 C. HTL of fresh microalgae was carried out directly after harvesting, and HTL of frozen microalgae was carried out directly after defreezing. All HTL experiments were conducted during 24 h after harvesting.
Hydrothermal liquefaction
HTL experiments were carried out on a laboratory-scale plant, the scheme of which is shown in Figure 1 . The reactors represent small autoclaves with a volume of 25 ml. The reactors were placed into the sand bath heated by the electric heater.
In the experiments with fresh and frozen biomass, the reactors were loaded with 15 g of aqueous suspension of microalgae. In the experiments with dried microalgae, the reactor also was loaded with 15 g of suspension that contained biomass (1.836 g) and distilled water (13.3 ml). The amount of distilled water corresponding to the moisture content was determined by the drying of fresh microalgae. The same amount of distilled water (13.3 ml) was poured into the rector in the experiment with microalgae dried and mixed with olive oil (25 wt. %). During HTL, the reactors were heated up to 300 C. The duration of this heating process was about 30 min; the exposure time at 300 C was 60 min. The pressure inside the reactors was not measured, but as the 25 ml reactors were filled with aqueous suspension with water content of about 13.3 ml, the partial pressure of water reached the saturation pressure -8.6 MPa (at 300 C). The total pressure inside the reactor should be slightly higher than 8.6 MPa because of biomass gasification.
After the experiment, the electric heater was turned off and the reactors were cooled to room temperature. Then, the reactors were opened and about 10 ml of solvent (dichloromethane) was poured into each reactor. After that the reactors were closed and kept in a vertical position with periodical 180 rotation. This solvent extraction procedure facilitating the contact of solvent with the whole internal surface of the reactor lasted 10 h. After that, the reactors were opened and liquid and solid products were removed and placed in plastic test tubes (Figure 2 ). In these test tubes, the products of HTL (solid residue, aqueous solution with WSO and dichloromethane solution with BO) were separated by density.
After sedimentation of solid residue as well as aqueous and dichloromethane solution separation, two layers with different colors were observed in the plastic test tubes (Figure 2) . The upper one is aqueous solution; the bottom layer represents dichloromethane solution with solid residue on the bottom of the test tube. Then two liquid samples (each about 6 ml) were taken by a syringe from the layer with dichloromethane solution and from the layer with aqueous solution, and placed into the corresponding Petri dishes. The liquid sample from the layer with dichloromethane solution was taken from its upper part to prevent the capture of solid residue. The Petri dishes were then placed in the Binder drying oven. The aqueous solution was evaporated at a temperature of 70 C and the solution of dichloromethane -at a temperature of 38 C. The drying in the oven was stopped after the weight of Petri dishes was stabilized. The mass was measured using the analytical balance Sartorius Cubis MSA324S. From the mass of the products obtained in the Petri dishes, the yields of BO (after dichloromethane evaporation) and WSO (after water evaporation) were derived.
Solid residues remained in the test tubes were filtered, dried and weighed. From the mass of the dried solid residue, its HTL yield was evaluated.
Several series of experiments under the equal (described above) conditions were carried out for each of the microalgae samples pre-treated in different ways. The study of HTL of microalgae was conducted for three independent harvest samples.
The chemical composition of BO and WSO was analyzed using a Thermo Scientific Flash 2000 HT analyzer adopted for liquid samples. C, H, N and S contents were determined for liquid samples of BO and WSO (dry ash free basis) with oxygen content determined by calculating the difference. The test procedure was repeated five times for each sample.
Results and discussion
The results of the experiments carried out with one of the harvest samples (first harvest) are shown in Table 3 . Before these HTL experiments, the moisture contents in fresh and frozen suspensions of microalgae were determined. The masses of the residues after the drying of 30.2 and 15.26 g of fresh microalgae were 3.65 and 1.84 g, respectively. The masses of the residues after the drying of 30 and 15.5 g of frozen microalgae were 3.61 and 1.86 g, respectively. The moisture of the suspension with fresh microalgae was about 87.94%, and the moisture of the suspension with frozen microalgae was about 88%. The contents of moisture in the suspensions with dried microalgae and microalgae dried and mixed with olive oil were 87.87% and 87.79%, respectively (suspensions contained 13.3 g of distilled water).
The yields of BO obtained in the experiments with fresh, dried, frozen microalgae and microalgae dried and mixed with olive oil (from first harvest) were equal to 43.46%, 40.68%, 42.88% and 43.66%, respectively. The yields of WSO in these experiments were equal to 15.19%, 23.48%, 18.8% and 15.5%, respectively. The relative error of the yields measurements was estimated to be less than 7%. It can be seen that the yield of BO in the case of fresh microalgae exceeds the BO yields for frozen and dried microalgae. At the same time, the yield of WSO in the case of fresh microalgae is the lowest one. The highest yield of WSO was reached in the experiments with dried microalgae. This result could be explained by a partial destruction of proteins during the drying.
During drying and freezing, the cells of microalgae undergo dehydration that is likely to increase the stability of organic matter before reactions of hydrolysis and pyrolysis typical for HTL occur. On the contrary, in case of fresh microalgae, the moisture stays inside a cell and it probably increases the contact surface between organic matter and water.
In the experiments with the mixture of microalgae and olive oil, an increase in BO and decrease in WSO yields were observed. In case of the mixture of dried microalgae (75 wt. %) and olive oil (25 wt. %), BO yield was the highest. It is about 3% higher than that for 100% dried microalgae. These results were expected and they are explained by the fact that the HTL product of olive oil contributes mostly to oil fraction soluble in dichloromethane.
It shows that more bio-oil will be produced by HTL for microalgae with a higher content of lipids.
The identical experiments with fresh, dried and frozen microalgae were repeated for three independent harvest samples of A. platensis. The results of these three series of experiments are shown in Table 4 . In all the experiments, the highest BO yield was obtained for fresh microalgae while the highest yield of WSO was achieved for dried microalgae. Table 4 shows also the average values of BO and WSO yields. The average value of BO yield in case of fresh microalgae turned out to be 4% higher than that for dried and frozen microalgae. The highest average value of WSO yield is 29% for dried microalgae. The average values of WSO yield for fresh and frozen microalgae are quite low (19.34% and 21.43%, respectively). Table 5 shows chemical composition of BO and WSO samples produced by HTL of fresh, dried and frozen microalgae (obtained in the first series of experiments with first harvest). It can be seen that BO in all cases is enriched in carbon and depleted in oxygen relative to the original A. platensis. The content of carbon in all BO samples is varied in the range of 74.1-75.1 wt. %. The content of carbon in WSO is varied from 35 to 41 wt. %. The lowest content of carbon is observed in the WSO obtained from fresh microalgae. The content of nitrogen in BO is about 6.3 wt. % and it is usually less than that present in WSO. However, these values are very close to each other for the samples obtained from fresh microalgae. The contents of nitrogen in the BO samples obtained from fresh and frozen microalgae are slightly higher than that obtained from dried microalgae. It can be explained by the loss of compounds containing nitrogen during the drying.
Conclusions
HTL of different microalgae samples -fresh (directly after harvesting), dried and frozenhave been performed. The experiments with A. platensis cultivated by our research group demonstrated that the highest yield of BO is achieved for fresh microalgae. This same result was obtained three times for three independent harvest samples of A. platensis. The results obtained in the present work have once again demonstrated the convenience of HTL method for microalgae processing. At the same time, the chemical composition of the resulting product in the experiments with fresh, dried and frozen microalgae proved to be very close. The results of the present work show that direct HTL processing of fresh microalgae leads to both the reduction of energy consumption by eliminating the drying stage and increasing of BO yield in comparison with dried and frozen microalgae. 
